ABSTRACT
Introduction
PLC channel is characterized by its several differences from other wired media, as its interference and noise levels are much larger. Understanding of complete characteristics of broadband PLC channel is important when developing PLC transmission chains [2, 3] and simulating the performance of advanced communication technologies [4, 5] .
Due to the multiple appliances connected to the network, the transfer function between a transmitter and a receiver is strongly affected by multi path [6, 7] and thus is frequency dependant. Based either on measurements or on the network topology, many channel models have been proposed [6] [7] [8] [9] [10] [11] [12] [13] [14] .
The appliances shared with PLC modems in the same powerline network generate noises which are stationary, cyclo-stationary or impulsive [15] .
Impulsive noise is the main source of interference which causes signal distortions leading to bit errors while data transmission. Origins of impulsive noises are multiple: power switches, power supplies, and generally speaking domestic appliances. Several approaches have been followed for characterizing the PLC impulsive noise in the time domain. In [16, 17] and [18] the proposed models are based on noise classification according to duration, bandwidth and of inter-arrival intervals between impulses. Based on Middleton and Markov modeling of the impulsive noise, examples of the relationships between time and frequency domains are shown in [19] . The proposed models share the same impulsive noise definition: "unpredictable noises measured in the receiver side". Authors are, consequently, confronted to model thousands of impulsive noises whose plurality would very likely come from the diversity of paths that the original impulsive noise took.
In this paper, an innovative modeling approach is applied to impulsive noises which are henceforth studied directly at their sources outputs. Noise at receiver would be simply the noise model at source convolved by powerline Channel Transfer Function (CTF). CTF model examples can be found in [11] and [14] .
Measuring impulsive noises at source has many advantages:
-Much less noises to model. -Ability to correlate with noise generators.
-Much easily classifiable. This paper is organized as follows: Section 2 presents the analytical model and a time domain noise generator is detailed. Then the proposed model is validated by comparison to measured noises. Finally, a modelling of inter-arrivals between noise events is proposed in Section 3, which could be useful if a model of impulsive noise at source over a large time scale is needed. A conclusion closes the paper in the last section.
Modelling of Impulsive Noise at Its Source
In previous paper [1] , a characterization of impulse noise at source has been achieved. Measurements are carried out in the time domain, by means of a digital oscilloscope, as shown in the block diagram of Figure 1 .
The device under test is isolated from the remaining electrical network by means of a Line Impedance Stabilization Network (LISN). The experiment is conducted in a semi anechoic room in order to avoid external radio coupling.
For each device, impulsive noise is recorded for 50ms when its amplitude exceeds a pre-defined threshold that depends on the stationary noise amplitude.
The noise is recorded simultaneously on two scope channels with different sensitivities. This makes it possible to reach a good sensitivity for the weak noise samples and not to clip the strong amplitude samples of the noise. The sampling rate is fixed to 250 Mega Samples per second.
The PLC impulsive noise is generated by 23 different domestic appliances
Six classes of noises have also been distinguished: -Class 1: Electrical switch and thermostat ON event. In this section, an analytical model of impulsive noise is proposed for each class. The noise model is based on the assumption that each impulse noise is a succession of elementary sub-pulses, as demonstrates, for example, on Figure 2 . In Figure 3 is reported a typical sub-pulse from the impulsive noise of Figure 2 .
Modeling elementary sub-pulses leads to an impulsive noise model when inter-arrival between sub-pulses and total duration models are also considered.
We proposed to model each sub-pulse by a variable-amplitude Gaussian which is phase-shifted in order to generate a set of sub-pulses that resemble as closely as possible to the measures. The noise generator reference model is reported in Figure 4 .
The sub-pulses model is detailed in the Sub-section 2.1 below. A model of sub-pulse amplitude by noise class is given. In this model, only will be excluded the class 6 because it's composed of low-amplitude noises [1] not likely to affect the data transmission. After that, an inter-arrival between sub-pulses model, also for each noise class, is proposed in Section 2.2. And in Section 2.3 is considered the total duration of impulsive noises of each class.
In Section 2.4 is proposed a model that includes all classes at once and provides impulsive noises with the same characteristics (amplitude, duration...) than those measured. An example of a generated impulsive noise at its source by the proposed model is finally given.
Modeling of Elementary Sub-pulses
As said above, a variable-amplitude phase-shifted Gaus- sian is proposed to model each sub-pulse. The proposed model is firstly defined by the Gaussian:
where x is the time in seconds, and fs is the sampling frequency in Hz. This Gaussian is two-parameter dependant: the Gaussian amplitude a and the Gaussian width represented by the b parameter. b is divided by the sampling frequency fs in order to keep generating Gaussians with representative widths when fs changes.
In order to resemble as closely as possible to the measures, this Gaussian is phase-shifted randomly by φ. In Figure 5 are given two phase-shifted Gaussians by In Figure 6 are shown respectively the measured sub-pulse of Figure 3 and the generated sub-pulse according the model above. In this example a was fixed to  . We note a good agreement between the measured sub-pulse and the proposed model. We note also that the proposed model does not follow the small oscillations of the measured sub-pulse. To improve its accuracy and better fit these oscillations, a more complex GPOF model [20] will be considered in a future paper. 
where x is the amplitude in Volts. In Figure 7 are given the PDF results for the subpulses amplitudes of the class 1 noises. The solid blue curve is associated to the measured amplitudes and the dashed red curve is that of the proposed model, where c = 0.83 and d = -0.29.
The parameters c and d values for all classes are reported in the Table 1 below, and reported models are shown in Figures 8, 9, 10 and 11. 
Widths Modeling of Sub-pulse
In this section is given a model of the widths b (see Equation (1)) of the measured sub-pulses. The histogram of the widths of the measured sub-pulses from the classes 1 to 5 is given in Figure 12 . The value of b is practically the same for all subpulses of all classes and it is fixed to 0.028 us.
inter-arrivals between sub-pulses are calculated for the 5 classes, and an exponential distribution was chosen as a model:
Phase-Shifts Modeling of Sub-pulses
The measured phase-shifts  applied to the model of Equation (1) in order to fit the measured sub-pulses of the classes 1 to 5 are given in the histogram of Figure13.
where i is the inter-arrival time in seconds, We note that  takes roughly random values between and . In our model the phase shifts will be randomly distributed in the
interval, for all the noise classes.
In Figure 14 are given the PDF results for the inter-arrivals between sub-pulses of the class 1 noises. The solid blue curve is the PDF of the measured inter-arrivals and the dashed red curve is that of the proposed model, where e 1 = 0.6269, e 2 = 0.526, f 1 = -1.243E + 05 and f 2 = -5626. We note that, the measured inter-arrivals between the sub-pulses of this class are comprised between 0.0019 ms and 5.5149 ms.
Inter Arrival between Sub-pulses
After modeling the sub-pulses, we propose, in this section, a model for the inter-arrivals between sub-pulses for the classes 1 to 5.
Equation (3) e 1 , e 2 , f 1 and f 2 values for the rest of classes are reported in the Table 2 below. As done for the amplitudes, the PDFs of the measured 
Total Durations Modeling of Impulsive Noises
In this section are considered the total durations of the impulsive noises. This duration is defined as the global time since its first moment of appearance until its last time of occurrence. The curves of Figure 15 show the PDFs of the measured total durations for the noises of the classes 1 to 5.
To model such distributions, an exponential model is proposed for the classes 1 to 4:
where d is the total duration in seconds. g and h parameters are given in the Table 3 . And reported models are shown in Figure 16 , 17, 18 and 19.
For the class 5, the distribution is modeled by the simple linear function:
Global Impulsive Noise Model for All Classes
With a view of achieving a global noise generator for PLC channel that will help designers of communication systems on this medium to better optimize their transmission parameters, a model that includes all classes at once and provides impulsive noises with the same characteristics (amplitude, duration...) than those measured is of a great importance. For the global impulsive noise model, we kept the same mathematical amplitude, inter-arrival between subpulses, and total duration models than those of each class. All measured amplitudes, inter arrivals and total durations are gathered together and new model parameters are calculated.
In the Figures 20, 21 and 22 are respectively given the PDF results for the sub-pulses amplitudes, inter-arrival between sub-pulses, and impulsive noises total durations for all the measured noises.
In In Figure 21 , the proposed model of inter-arrivals between sub-pulses given in equation (3) is now characterized by e 1 = 1.011, e 2 = 0.2729, f 1 = -2.407E + 05, and f 2 = -1.245E + 04.
And in Figure 22 , g and h parameters of Equation (4) are respectively equal to 0.5 and -0. 19 An example of generated impulse noise according to the global PDF models proposed above is given in Figure 23 .
Finally, in order to model scenarios of occurrence of impulsive noise over a broad time scale, we propose in the next section a model of inter-arrivals between impulse noises. This model can be considered to quantify the damage generated by PLC impulse noise on data transmission. These quantifications can be performed over periods of 24 hours for example, and this in terms of seconds of "pixelized" video streams, number of erroneous frames. 
Modeling of Inter-arrivals between Impulsive Noises
A second set of impulse noise measurements was carried out in several homes in order to make statistics of inter-arrivals between successive noises. Inter-arrivals between impulsive noises correspond in fact to the time duration between two successive triggering events on the oscilloscope used for the measurements. The total number of measured impulsive noises was equal to 7700. For all x > 0, we denote P I (I > x), the PDF defined by the probability that the inter-arrival I between two successive impulsive noises is greater than x seconds.
The calculated values of P I (I>x) are modelled by the Weibull distribution: 
